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Preface 



s ivcr the last ten years the electronics industry has exploded. A recent report by the 
Semiconductor Industry Association (SIA) [1] proclaimed that in 1995 alone, world 
i hip revenues increased by 41.7 percent and for the past five years the growth had been 
exponential. By the year 1999, the report estimates that world chip sales will surpass 
$234.5 billion, up from $154 billion in 1996. The largest portion of total worldwide 
sides is dominated by the MOS market. Composed primarily of memory, micro and 
logic sales, the total combined MOS revenue contributed approximately 75 percent of 
hital world-wide sales ($114.2 billion), illustrating the strength of CMOS technology. 
The percentage of MOS sales relative to all chip revenues is expected to remain 
constant through 1999, when MOS sales will total $178 billion. 

CMOS technology continues to mature, with minimum feature sizes now 
approaching 0.1 (am. Texas Instruments recently announced a 0.18 |im process [2] in 
which the equivalent of 20 high-performance microprocessors could exist on the same 
substrate, with a transistor density of 125 million transistors. This high density allows 
lor true system-level integration on a chip, with digital signal processors, 
microprocessors or microcontroller cores, memory, analog or mixed-signal functions all 
residing on the same die. 

As educators we are often asked by our students, "Isn't analog dead? I thought 
everything was going digital!" How untrue! The prediction of the future demise of 
analog electronics has been around since the mid-1970s. According to the SIA report 
[1], the revenues generated by analog products closely parallel the MOS logic market 
and achieved a 22.5 percent increase in 1995. The analog market expects to reach 
$ 1 8.2 billion in 1996 (a 9.5 percent increase) with double-digit growth projected for the 
next three years. In 1999, the total revenues generated by analog sales is forecasted to 
peak at $26.6 billion (1 1.3 percent of total chip sales!). However, while there is still 
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demand for analog designm, their ml r i*. d**lmm l\ « hanging, Ah was cummuuknlnl 
by Paul Gray in [3], the days of pure analog design are over, meaning that very lew 
systems remain purely analog. More and more systems are integrated, with increased 
functionality being performed in the digital domain. He goes on to state that the analog 
designer should become broad-based, with analog transistor-level design as the core 
skill. This means that the analog designer should also 

• Have a good understanding of digital very large scale integration (VLSI) and 
be competent at using the latest computer-aided design (CAD) tools. 

• know how to apply digital signal processing (DSP), analog signal processing 
(ASP), and filtering concepts to system-level design. 

• possess insight into system implications of component-level performance. 

For example, DSP and transistor- level analog design skills are needed for oversampling 
applications such as data converters, filtering, and a host of relatively new circuit 
topologies based on sigma-delta modulation. Being able to design both analog and 
digital circuits, as well as understand the interactions between the two domains, will 
provide an added dimension to a designer's portfolio that is difficult to match. Analog 
designers are in demand more than ever, simply because the end limitations of digital 
electronics need to be examined under the "analog" microscope to fully understand the 
mechanisms that are occurring. Therefore, this text attempts to combine digital and 
analog IC design in one complete reference. 

Layout is the process of physically defining the layers that compose an integrated 
circuit. Typically, layouts are constructed using a computer-aided design program. 
CAD companies such as Mentor Graphics, Synopsis, and Cadence specialize in 
providing extremely powerful CAD software for the entire integrated circuit (IC) design 
process, including design, synthesis, simulation, and layout tools within an integrated 
framework. These workstation-based software tools can literally cost millions of 
dollars, but provide convenient and powerful features found nowhere else. CAD tools 
also exist for the PC. Tanner Tool's L-Edit provides a complete IC design CAD 
program for the personal computer. The program discussed in this book, LAyout 
System for Individuals (LASI) (pronounced "LAZY"), also provides the student with the 
ability to lay out ICs on a PC and includes design rule checking and design verification 
capability. It is distributed as shareware, free for educational purposes. 

With decreases in feature size come added complexities in the design. Layouts 
must now be considered heavily in the design process as matching and parasitic effects 
become the limiting factors in many precision and high-speed applications. The more 
the designer knows about the process with respect to layout and modeling, the more 
performance the engineer can "squeeze" out the design. However, performance is not 
the only reason to consider the layout. The economic impact of IC layouts can be 
detrimental to the circuit's marketing potential. In some cases a 20 percent increase in 
chip area can reduce the profits of a chip by several hundreds of thousands of dollars. 
Chip area should be considered as premium real estate. Therefore, much of the first ten 




, kipii i of Mils hook in devoted to fundamental layout issues, with other issues 
|u< mini us (hr herd arises. 

Modeling is also a key issue. A simulation is only as accurate as its model. 
Although the Berkeley Short-channel IGFET Model (BSIM) model has become the 
industry standard its relatively nonintuitive structure makes hand analysis using BSIM 
model parameters an intimidating process. To many students (and engineers), the 
BSIM parameters are nothing more than sets of numbers at the end of their SPICE 
decks. However, some very useful information can be gleaned from the BSIM model 
which helps make the hand analysis more closely resemble the simulated result. 

( Ihupter 6 provides a great deal of information that relates the BSIM model to 
lust-order hand-analysis equations. 

A successful CMOS integrated circuit design engineer has knowledge in the 
areas of device operation, circuit design, layout, and simulation. Students learning 
i 'MOS IC design should be trained at a fundamental level in these areas. In the past, 
i nurses on CMOS integrated circuits dealt mainly with circuit design or analysis. Little 
to no time was spent on layout of the integrated circuits. This may have been justified. 
U is difficult to find a reason to lay out an entire chip and then not have the chip 
lahricated. However, through the use of the MOSIS 1 program, students can submit their 
» hip designs for fabrication through one of the MOSIS contracted vendors. In 
approximately ten weeks the chips are returned to the university for evaluation. The 
MOSIS program is an outstanding way of introducing students to the design of ICs. 

Although many texts [4-32] are available covering some aspects of CMOS 
analog or digital circuit design, none integrates the coverage of both topics with layout 
and includes layout software as is done in this text. Our focus, when writing this text, 
was on the fundamentals of custom CMOS integrated circuit design. It was our goal 
that a student who studies and masters the material in this text will possess the 
fundamental skills needed to design high-performance analog and digital CMOS 
circuits and have the basic understanding and problem-solving skills needed to enhance 
the performance of an IC or to determine why an IC doesn't function as simulated. 

Use of This Text 

This text can be used for two courses. Both courses can be offered at the senior/first- 
year graduate level. The first course concentrates on the physical design of CMOS 
digital integrated circuits with prerequisites of junior level Electronics I and a course on 
digital logic design. A possible semester course outline is as follows. 

Week 1 Chs. 1 & 2, introduction, course requirements, layout and SPICE 

demonstrations, the n-well, sheet resistance. 

Week 2 Chs. 2 & 3, the n-well, pn junction, capacitance, resistance, delay 
through the well, introduction to the metal layers. 

1 MOSIS MOS implementation System through the Information Sciences Institute at the 
I JmveisFiy of Souihern ( 'alifoi nia, ( MO) 1511 or http://www.mosis.org 
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Week 3 Chs. 3 &4, the metal layers, purasilics. dc< tiiimgmllnii, lnyuti! ni the 

padframe, active/poly layers, layout ol the MOSM 1 and standard tiame 

Week 4 Ch. 5, MOSFET operation 

Week 5 Chs. 5 & 6, completion of MOSFET operation, discussion of modeling 

using the BSIM model. 

Week 6 Chs. 6 & 7, completion of BSIM model, layout of a capacitor, MOS temp 
dependence. 

Week 7 Chs. 10 & 11, digital models and the inverter. 

Week 8 Ch. 1 1, the inverter, switching point voltage and switching times, layout, 

latch-up, and design. 

Week 9 Ch. 12, static logic gates, switching point voltages, speed, and layout. 
Week 10 Chs. 13 & 14, the transmission gate, flip-flops, and dynamic logic gates. 

Week 1 1 Chs. 15 & 16, VLSI layout and BiCMOS logic. 

Week 12 Ch. 17, memory circuits, basic memory cells, and organization. 

Week 13 Ch. 18, special-purpose digital circuits. 

Week 14 Ch. 19, introduction to digital phase locked loops, phase detectors, 

VCOs. 

Week 15 Ch. 19, digital PLL design. 

The second course concentrates on CMOS analog circuit design. A possible semester 
course outline is as follows. 

Weeks 1 & 2 Review of Chs. 1-6. 

Week 3 Chs. 7, CMOS passive elements, noise characteristics. 

Week 4 Ch. 9, analog MOSFET models. 

Week 5 Ch. 20, current sources and sinks. 

Week 6 Ch. 21, references. 

Week 7 Ch. 22, amplifiers. 

Week 8 Ch. 23, selected topics in feedback amplifier design. 

Week 9 Ch. 24, differential amplifiers. 

Weeks 10-12 Ch. 25, operational amplifiers. 

Week 13 Ch. 26, nonlinear analog circuits. 

Ch. 27, dynamic analog circuits. 



Week 14 
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W*»rk 1 *s i h , ,V J, i, selected LuplcM in data converter design. 

\hib it'M ca n hInii he used as an accompanying text in a VLSI systems course that 
fin mm mi I he Implementation of systems rather than circuits. Use of the text in this 
is bench ted by inclusion of the LASI layout software. 
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MOS Fundamentals 



Chapter 
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Introduction 



lliis chapter discusses the CMOS (complementary metal oxide semiconductor) 
Integrated circuit (IC) design process, how to set up the LASI (LAyout System for 
Individuals) layout software, and fabrication of CMOS integrated circuits through 
MOMS (MOS Implementation Service). 

1.1 The CMOS IC Design Process 

'Flic CMOS circuit design process consists of defining circuit inputs and outputs, hand 
calculations, circuit simulations, layout of the circuit, simulations including parasitics, 
tee valuation of the circuit inputs and outputs, fabrication, and testing. A flowchart of 
this process is shown in Fig. 1.1. The circuit specifications are rarely set in concrete; 
Hint is, they can change as the project matures. This can be the result of tradeoffs made 
between cost and performance, changes in the marketability of the chip, or simply 
changes in the customer's needs. In almost all cases, major changes after the chip has 
gone into production are not possible. 

This text concentrates on custom IC design. A custom-designed chip is often 
nil led an ASIC (application-specific integrated circuit). Other (noncustom) methods of 
designing chips, including field-programmable-gate-arrays (FPGAs) and standard cell 
libraries, are used when low volume and quick-design turnaround are important. Most 
chips that are mass produced, including microprocessors and memory, are examples of 
v hips that are custom designed. 

The task of laying out the IC is often given to a draftsman. However, it is 
ex homely important that the engineer be able to lay out a chip (and direct the draftsman 
on how to lay the chip out) and understand the parasitics involved in the layout. 
I'ai asities arc the stray capacitances, inductances, pn junctions, and bipolar transistors, 
with the associated problems (breakdown, stored charge, latch-up, etc.). A fundamental 
mu let standing of these problems is important in precision/high-speed design. 
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Figure 1.1 Flowchart for the CMOS TC design process. 
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i Mn. IMttf grilled circuits lire fabricated on thin circular slices of silicon called wafers. 
I 'Mi h walm contains several individual chips or "die" (Fig. 1.2). For production 
pui)ui« < , eucli die mt a wafer is usually identical. Added to the wafer are test structures 
iMld i'Iik r ' . s monitor plugs (sections of the wafer used to monitor process parameters). 




Figure 1.2 CMOS integrated circuits are fabricated on and in a silicon wafer. 

The ICs we design and lay out using LASI can be fabricated through MOSIS [1] 
on wind is called a multiproject wafer; that is, the wafer consists of chip designs of 
^Hiving sizes from different sources (educational, private, government, etc.). MOSIS 
i iiHihljK's multiple chips on a wafer to split the fab cost among several designs to keep 
I Ih* ■ t>M low. MOSIS subcontracts the fabrication of the chip designs out to one of many 
i oMiineicial manufacturers, including Orbit and HP. 

The view we see when laying out an IC is always a top view of the die. When 
Uylug out the chip, we draw boxes or polygons on differing layers indicating how to 
Hv.ruihlr the circuit. We may specify a box on layer 1 (n-well) from the coordinates 
HUM in the coordinates (10,10). The coordinates of this box and other shapes defining 
Hie t livuiiiy are specified in a binary file using Calma Stream Format (abbreviated CSF, 
I'll ISII, or simply GDS). This File describes the completed chip design. When using the 
I AM piogtam, TransportabLe LASI Cell files (TLC files) are used to store the design 
i iiltii million. When the design is finished, the TLC files can be converted to a GDS file 
Mini mi via the Internet to MOSIS for fabrication. 

\ 2 Using the Windows LASI Program 

I hr I AM pioeiiim discussed in this text is a powerful CAD (Computer-aided design) 
juu kagr iml m the design of integrated circuits. This section discusses the installation 
and opei.itKut of LASI in the Windows environment. 

InsfuiUtift / TV/ 

I * 1 ill fall I ASI, lollovv ilu* inslmctions on the Windows LASI download webpage 

I I n 1 I'd I n 
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http://www.mrc.uidaho.edu/vlsi/cadJrcc.himl 

on the internet. After the installation is complete, assuming you installed LASI on C:, 
your hard disk should have a directory C:\Lasi6, (containing all executable files and 
directories in the LASI system) C:\Lasi6\Wcn20, C:\Lasi6\Wmosis, C:\Lasi6\W2uchip 
and C:\Lasi6\WcIib containing the setups for the CN20 process, MOSIS, MOSIS 2 pm 
processes, and a cell library using the MOSIS design rules respectively. 

Drawing Directories 

Under the C:\Lasi6 directory should also be a directory \Tutor containing the example of 
a bipolar op-amp supplied with LASI. All chip designs should reside in a directory 
other than the C:\Lasi6 directory . The C:\Lasi6 directory is used only for the executable 
programs in the layout system. The directory of a chip design can be a subdirectory of 
( ' \I. isiO, similar to YTutor above, or a directory somewhere else on the hard disk. 

Ilmiisjuiul ilu- hook we will be using Orbit’s CN20 CMOS process. Using 
W in.h* I | 1 1 1 m (’ j vent y that the setups were successfully copied into the 
■ i ■ m \\ . <i m > .in. , any |ihe dim tuty shouldn't be empty or absent.) Setup an icon 
U*t i hi ilio HiiH InUmvlng the In inn lion , given on the Windows LASI download 
w, It i.m.m, hi in, i m tin i I hi ’ m i ecu in lip 1 A will appear. 

thb t V* Jr in Air jin 

M [■ i 1 th* S\ l-nii-.n >n Hn tup >>l Mm ! AS! di awing window in Fig. 1 .3 we can 

i 1 ' i - Hu mi mi i iiM I til in (i on . I oi i nr LASI drawing cells to 

>atn i | mid iv i U In ili iti i c 1 m pi *’ alt i detail helow = You can return to the 

doming window 1 1 v |iir% Itn the Mi'ftlW button, 

1.2 1 Celltt In LASI 

( 'nrnplex It 1 designs are made from snnplci objects called cells. A cell might be a logic 
gate or an op-amp. To show a listing of the cells in this drawing directory, select List 
(or Alt-1) from the top menu in the LASI drawing window. The cell collection 
subwindow will be empty. Click the Cancel button to return to the drawing window. 

TLC Files 

Cells in LASI are backed up using transportable LASI cell files (or TLC files for short). 
The setup files that were copied into the Wcn20 directory during installation contain 
several TLC files. By selecting the TLCin command from the system menu (running 
LASI from the C:\Lasi6\Wcn20 directory), we can convert these TLC files into a binary 
format (files with the *.BP6 and *.CL6 extensions) for use with the LASI program. 

Pressing the TLCin command button at the system menu will begin this process 
(do this now). Leaving the source and destination paths blank indicates the current 
drawing directory. Specifying for the cell names will convert all TLC files in the 
directory into *.BP6 and *.CL6 format. The cells in the LASI drawing directory are 
backed up using the TLCout command button. In Fig. 1.4, pressing OK in the TLCin 





Figure 1.3 LASI startup screen. 

■Iruluw unci then Yes to replace any existing or lesser cells in the drawing directory (at 
flltl* point, none should exist) will cause several cells to be read into LASI. Using the 
I i i command button (after closing the LASI system menu window) on the LASI 
tfft wing screen and clicking on the cell "rulel" will display the contents of the rulel 
i *11 Using the Fit command button will center the contents of the cell in the window. 
I In o suit is seen in Fig. 1 .5. 

I h ulttix Menus 

Noth - . in Fig. 1.5, that clicking the RIGHT mouse button in the drawing area causes 
* M i it ol the menu items on the right of the display to change or toggle between different 
i oiiMtmniK Again, a menu item can be selected using the LEFT mouse button. 

* tratini* a ( 'ell 

I hi pm the layout of a new cell, the Cell command is used. The cell is assigned a 
Munir. Im ("cample, AND, and a rank. Since the AND gate is a basic building block, we 
frill k iigEi a t ank o! I (the lowest rank). If a cell is created that uses the AND gate cell, 
Hit m llii new i i i! will be assigned a rank of 2 or higher. That is, a cell with a rank of 2 
i rtn > uiihim i ells with a rank of l II the t ell has a rank of 5, then it can contain any 
i tdl On l i ll t n it'll i ink lit l or InWt i Another analogy is In consider a i hip, a printed 
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> (n ii» i Imi tnl uvul a i-ompuicr. A chip can be put on a circuit board, and the circuit 
hi mi d ' Nil In f mi into n computer. Using the ranking analogy, the chip has a rank of 1, 
tin* i in nil htmnl 1ms a mnk of 2, and the computer has a rank of 3. Therefore, the 
Hniipuit i With rank 3 cannot be put into the chip with rank 1. 

(’rente it cell culled "test" for experimentation by selecting the command Cell 
and i tuning the name "test" with a rank 1. The bare test cell is shown in Fig. 1.6. 
NhU(V hi the lop wl the display that the cell name and rank are displayed. 

IJ*3t Navigating LASI 

Noth e In Fig. 1 .6 that the cross-hairs show the location of the origin. Pressing R in the 
hoiiimi right corner (or typing r on the keyboard) of the display turns this reference 
dUftigrifKtor on or off. Now hit the Draw command (or Alt-d). This command redraws 
Ihf* 'M iccn with (or without) the reference cross-hairs showing. Press r so that the 
tidiMcinv designator is showing (followed by the Draw command). Placing the mouse 
Minor over ihc origin causes the distance indicator at the bottom of the display to read 
(0,0)* The distance indicator shows the distance away from the origin. If the indicator 
in khowing distances of 10 6 or larger (10 6 pm is 1 meter), you are viewing the entire 
Hiuwmr universe. Selecting the Fit command with nothing drawn could easily result in 
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this situation. To get back to a display that shows tens of microns, simply selecl the 
Zoom command (or Alt-z) and then double click, with the LEFT mouse button, on the 
reference designator. If you cannot find the reference designator, select Fit, keeping in 
mind that R in the bottom right of the display should be depressed. One other useful 
command is the Orig command (in the command buttons on the right of the display). 
This command allows the user to set the origin at any location in the drawing display. 

Grid 

The grid can be turned on and off by clicking on the Grid command button on the right 
of the display. The grid will not display when "zoomed out." 

Cursor 

The cursor can be changed between a small-cross and full-screen cross-hairs by pressing 
llii I nh button on the keyboard. 

Mrtisiorntrnii 

M i i mi / mu Mm i I I, i\ i\ 10 icieicikT point is established independent of the 

■ m n 1 1 m | m 1 1 cImii i jiirv.eit, tin i list mice helween the mouse cursor and the 

pi i 'l I’n v.lnp w ' an .e . tin* mouse to snap to the working 

|Hvt 

i * i AiliHnu 

i 1 iln l mu i i iij ht \ m tlispl.»v the layer (able used in this process. 

i c I » t iMi nh ilu Mil m h. hi i l Milton, sda t layer I (NWEL 1), the n-well. 
Ii in i that Hu -i Us ii i\ lay< \ Ik displayed nl the hollom ol die screen. Now select Obj 
mi the « ib|n i coimrmml U.King the ohjn I commnnd will allow die user to select drawing 
objtn k Hones, polygons/palhs or tidier lowering ranking cells can be selected. Select a 
box by doubling clicking on the word box in the object window. Now the bottom of the 
drawing display should show that the working and dot grids are 1 pm, the object is a 
BOX, and the layer "NWEL." We are now ready to begin drawing the layout. 

Click on the Add command with Obj = BOX and Layr = NWEL. Click the 
LEFT mouse button in the drawing area over the origin once. Move the mouse toward 
the top right corner of the display until you get a box similar to the one shown in Fig. 
1 .7 and click the LEFT mouse button again. Using the arrow keys on the keyboard or 
the command buttons, change the display view. Now select Fit (Alt-f) and notice that 
the n-well is centered in the drawing display. The Xpnd (Alt-x) command will expand 
the view. Notice how the viewing area increases. Use the Zoom (Alt-z) command to 
zoom in on the corner of the n-well box by drawing an imaginary box around one of the 
corners of the n-well box. When drawing, it is often useful to show a grid in the 
drawing area. The commands wGrd and dGrd are used to change between the 



1 Again, remember that if the command is not showing, press the RIGHT mouse hutton in (lie 
drawing area (mi ihe Menu button) to toggle between menus 
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VlhKttli Ivitf l Mu rod thr L \nsa r snaps to) and dot (the one you see) grids. For the setups 
lltt Imled with ilu . hook, both grids are set to 1 |im. Using the Set command, the user 
ii"' ihe number of working and dot grids as well as the grid spacing. It is not 
ti ommrmk'd that any of the settings be changed until the user becomes very familiar 
*i*iii \ si 
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Figure 1.7 Drawing a box in LASI. 



1 A4 Editing Objects 

i )nly one basic operation, moving, can be performed on a Box after it has been added to 
“i i rll The entire box or any of the four sides can be moved. This operation consists of 
I tfitfnx i he object or side to be moved and performing the move, and then putting the 
iih|ci I buck fde selecting the object). 

Using the previously generated n-well layout as an example, use the Get 
i omnium! mid select the right side of the n-well box using the mouse. This is done by 
i In king [lie I FIT mouse button on the left of the side and then again on the right, 
* in, in lii)' ill. him tliuwn by the mouse intersects the side. Objects that are selected using 
GH tin mi 1 1 1 be highlighted Next, select the Mov command. Using the LEFT mouse 
I ti 1 1 1 1 in ' Ih I mu r ume win o m the ill .piny Movi the mouse a small distance to the 




\: 
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left and click the LEFT mouse button again. Notice that the highlighted side moved an 
equal distance to the left of its original position. Use the Put command to unsdect the 
highlighted side. A simpler method of unselecting all of the active elements is to use 
the aPut (all put) command. 

Sometimes we may want to get the entire box. The fGet (full get) command 
allows dragging the mouse through a portion of the object to select the entire object. 
Try selecting the entire box using fGet and then unselecting it using aPut. 

LASI also has the feature that allows the user to execute a set of commands by 
pressing a single key. This is easily accomplished by adding a line to the form.dbd file. 
This feature is useful when the users wants to perform one or a series of operations very 
quickly. For more information, read the on-line help. 

Vic win# and Editing Specific Iuiyers 

Suppum that it »s desired to view only a lew layers of a complicated layout. This can be 

ii pli lied b) sell i iiiii 1 Mir desired layers using the View command. The user needs 

in In u at ii. d hOWIVif, thlt 11 ihr Invisible layers fif§ not made visible again, frustration 

U\ iliiiiind 

li. i V | m 1 1 iimmund determines with h layers ian he selected using the Get 

mi id Mi! i< iiiii- sltuws the user leiinake eei lain layers uneditable. In the current 

iliimlnr 'h '< i (lie 0,n.i command and unsehvt the mwell layer. Return to the 
-Ip i wing an a by i In k U\y t Attemjat to Get any part of the n-well box and notice that 
none ol tin sides cun he highlighted 01 edited in any fashion. Clicking again on the 
n well layei in the Open command window will then allow any editing operations on 
that layer. T his command could also be frustrating if the user forgets that certain layers 
are unsclectable. 

1.2.5 Placing Cells 

Select Cell from the command button and make another cell. Call the new cell test2 
and assign a rank of 2. Next, using the Obj command, use the previously laid out cell 
(test) as the new object. Using the Add command, add the cell, test, to the cell test2 by 
simply clicking the LEFT mouse button in the drawing area. Repeat this several times 
until the layout is similar to Fig. 1 .8. 

Viewing Complex Layouts 

Cells can be drawn as outlines using Outl (Fig. 1.9). The mouse is used to enclose the 
cell you want drawn as an outline. Using the Full command draws the entire cell. This 
becomes helpful when a large number of cells are present and the redraw time is long. 
Also, cells will be drawn as outlines if the ESC key is pressed when LASI is redrawing 
the screen (and this feature, pressing ESC, can be used to abort a long redraw time or a 
command). The Dpth command is used to draw cells as outlines if they are nested 
deeper than the cells depth setting. 




Ilrtj ill i t J III i < ■' lir Hull 
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Figure 1.8 Inserting the cell, test, using the Add command. 

kttn'inK Cells 

Moving a cell consists of getting the cell using the cGet (cell get) command, moving 
Ihf cell using the Mov command, and putting the cell using the aPut (all put) or cPut 
(i HI put) commands. 

t it splaying Cells 

When cell s arc drawn as outlines, using the OutI command, the names, on the outline, 
i im he displayed or hidden by pressing n on the keyboard (indicated by N on the bottom 
i ijtiii corner of the drawing display). If the cells are not drawn as outlines, pressing i on 
Ihe keyboard draws a dotted line around the cell. This is useful as a reminder of which 
i' ulti ol the layout are cells and which parts are boxes or polygons. A Draw command 
i Alt (I) must follow pressing n or i for the results to be seen. 

A A/of. i'm luhti/n* 



< Mil v nh|tL is that air drawn in the current cell can be edited. The objects resulting from 
mlthng a cell to tlu- emient (open) cell cannot be edited. Trying to change the size of 
my ol the ii well boxes of big 1.8 from Ihc test! cell fthe open cell) would result in 
im -ii ul hm I n change the si/e ol these boxes, we must first open the test cell. 
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S<i\‘ini; Your Wot k 

I ,AS1 can automatically generate a TLC file in the drawing directory each time the cell 
mode is entered or exited. This is specified by setting the "TLCout when Saving Cell" 
check box using the Set command. A backup to floppy should also be made 
periodically using the TLCout command button on the system mode. 

1.2.6 Common Problems 

After adding an object , the object cannot be seen . 

Check the View layers in the drawing display to ensure that the layer is not in hidden 
mode. The Draw command must be used after using View. 

Cannot Get an object. 

(1) Check, using the Open command, that the layer can be opened (or moved). (2) 
Verify that the object is not part of another cell. (3) When trying to get an object made 
using the path or polygon object, make sure the cursor encompasses a vertex. 

The menu isn't accessible when the Layr button is pressed. 

The layer table is not being used. Press CNTRL-ENTER so that the bottom middle of 
the- display shows "Using Layer Table." 




I tirtpi* i i limnilii ii.-it 



is 



ppili tit* tlhtu H ,n outlaws, oi if h pennutri of 'a cell has a dashed line. 

Mi ! 1 < tin Full cimmmnd tu show flu- contents of a cell. (2) Use the Dpth command 
Im lit ■ nt tin ik'ptli ul (tic 1 itclls shown Im rcasing the depth to the rank of the cell shows 
till. - it I - 1 Fr< . . I on the keyboard to force an outline to be drawn around a cell. This 
If m il. mi d by die I in the bottom i ight corner of the drawing display. 

HI amnmntl count's the drawing window to expand much larger than the current 

i #// 

HiW K an unknown object someplace in the cell. Use the fGet command to get any 
ob|*o h outside the main cell area. Use the Del command to delete the unknown object. 

the i ommaud buttons or layout are not displaying correctly . 

Verify that windows is using small fonts. Reduce the amount of hardware acceleration 
»i--+ d with the display (this is changed in the windows control panel). 

Tk* i ur so r movement is not smooth. 

I hi - ut soi may he in the octagonal mode. Press "o" on the keyboard or the button "O" 
In llu bottom right portion of the display to toggle this mode on and off. 

• 3 MOSIS 

I he M< )S I S IC fabrication service is available to universities provided they have access 
the Internet, software for layout and simulation, and the capability to test the 
ftimplrled designs. The instructor must contact MOSIS and submit a proposal for 
funding. If the proposal is funded, the university will have an account set up with the 
Humber of chips to be fabricated and the process used determined by the number of 
indents in the CMOS course and whether the course is introductory or advanced. At 
(hi present time, funding from the NSF 3 for introductory classes is one 2.0 micron "tiny 
t hip" pci two students. A tiny chip measures 2.2 mm by 2.2 mm edge to edge. A 
minimum quantity of four chips is supplied with each order. Commercial companies 
mid non US univerisities may also fabricate ICs through MOSIS but receive no US 
|ii ivei nrnent funding. 

After an account has been established by MOSIS and the university has an 
luuiint number, completed chip designs can be submitted in UUEncoded GDS 
1 1 1 1 1( i l VS* 1 ) format or OF (CalTech Intermediate Form). This text will only describe the 
flbrlt ation process using GDS format. For information regarding CIF, contact MOSIS. 
ii> naiislaie a TFC file into a GDS format, si mply select the TIc2Gds command button 

MOSIS MOS Implementation Servu e through the Information Sciences Institute at the 
I Imvi i .it v ot Southern ( 'ali forma, (310) H22- 1311 ext. 403 or http://www.mosis.org 

I OlTh iiiitl Science Foundation 

i f I ! tu mli ui' is used It i change a binary hie such as | lie 1 1 1 VS 1 j!c generated with the Tlc2Gds 
Inti mi i AM d 1 1 1 It f i it i r ausnie.'.i t m i iv i*i ih< tuh m»M I (rr ■ I I K i I >' * i s ,M ■’ I ' E m "iu led ( 0 ),S I i le 



10 



I'm i I ( Mir* imi. niuK 



on the LASI system (Sys) menu. Selecting the Setup command causes ihe screen shown 
in Fig. 1.10 to appear. Here, the name of the highest ranking cell, that is, the cell to be 
fabricated, is QCELL.TLC. All cells used in QCELL.TLC will be converted into GDS 
format and placed in the binary file QCELL.GDS (this is transparent to the user). Of 
course, the TLCout command must be executed prior to calling the Tlc2Gds utility. 
The conversion process is started by selecting Go on the TLC2GDS command window. 
Additional information concerning a TLC to GDS conversion can be found by pressing 
the Help button on the Tlc2Gds command window. 
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Figure 1.10 Converting TLC files to GDS format. 

An Important Note 

A note is in order here about polygons and the TLC file conversion into GDS 
(Graphical Design System, or GDS, is a derivative of the Calma Stream Format) format. 
It is possible to draw a polygon that is not closed, for example, a triangle with only two 
sides. These shapes are referred to as "open polygons". If the TLC file contains open 
polygons LASI will prompt the user to either cancel the conversion/so the user can go 
back to the layout program and fix the polygon, or to close the polygon. If the user 
selects "close" the Tlc2Gds converter will add the final segment in the polygon and thus 
change the layout. In almost all cases the users should fix the open polygon and run the 
design rule checking software again on the fixed cell. If the design file is translated into 
CIF, instead of GDS, the default action is to close the polygon. In other words, by 
default an open polygon will be closed when translating from TLC to CIF. MOSIS will 
reject GDS files and accept (and close the polygons) CIF files with open polygons. 
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lo I Hu lunar v HUS tile (Qodl.gds) into an ASCII file (Qcell.uue or a 

* i ' - i 1 1 Jr ) Miiiabl. hit tnuumiltting to MOSIS, the following command is used from 
Hu Window Him hue (nr from a I H )S prompt): 

* \1 a , ,ift\mii i n j ( Wl ,asi(AMydesign\qccll.gds C:\Lasi6\Mydesign\qceil.uue 

Tim run iitiihle file Uuen.oxe is located in the C:\Lasi6 directory. We have assumed that 
Mil er II In be lubricated is located in the design directory C:\Lasi6\MydesignV The 
* in fi "j" crer'es u Unix compatible ASCII file for transmission to MOSIS. 

The final step, before submission of the file to MOSIS, is to run the checksum 
JHiigutm (Cksum.exe) located in C:\Lasi6 on Qcell.uue, or 

( ’AI ,asi6\cksum C:\Lasi6\Mydesign\qcell.uue 

I In* result is two numbers; the layout-checksum and the byte count. These numbers are 
ihnl in the submission process (to MOSIS) discussed below. 

Submis sion of Chips to MOSIS 

I hr basic submission of chips to MOSIS consists of requesting an ID for a new project 
mnl submitting the project for check/fabrication. Checking the status of the chips and 

* bunging or canceling project parameters can also be performed before the chips are 
Ipllout, from MOSIS, for fabrication. 

A project ID can be requested from MOSIS by sending an appropriate e-mail 
dd i css to mosis@mosis.org for each of the chip designs that will be fabricated. The 
MOSIS command language syntax is used when communicating with MOSIS. When 
Making this request, the user must specify several items, as illustrated in the following 
pinmple. The project check is used to ensure that the ASCII file containing the 
!fU< iDS specifications of your chip does not get corrupted when transmitted over the 
Internet. If the CDS file is accepted, the user will be notified that the project is in the 
tjllGue for fabrication. 

Example 1.1 

Submit a chip to MOSIS for fabrication using Orbit's 2.0 |im n-well process 
(CN20). Information on this process is given in Appendix A and is used 
throughout the text. 



Step I: Request New Project ID 



Assuming that MOSIS specified an account number of 123-ABC, the password 
is WINPTXT, and the instructor's name is SMITH, the first step in submitting a 
chip lor fabrication is to send MOSIS an e-mail (mosis@mosis.org) requesting a 
new project ID (the e-mail message is shown below). 



NEW-PROJECT 

123-aQQO "IOHMH Afi CH3" 

ttoii m uni? n s rn ?n 



U /| l ,!• A If ■ 



REQUEST: 
ACCOUNT: 
H NAMf 
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D-PASSWORD: 


WINFECT 


P-NAME: 


CHIP1 


P-PASSWORD: 


UNIVER 


PHONE: 


(123) 456-7890 


TECHNOLOGY: 


FORESIGHT-CN20 


SIZE: 


2160X2160 


PADS: 


40 


PACKAGE: 


DIP40 


DESCRIPTION: 


HIGH SPEED OP-AMP 


REQUEST: 


END 



The part name and password are defined by the user. It was assumed that the 
pads were designed by the students and measured 180 |im square; that is, the 
oui line of the pads is 180 pm, while the actual pad is 100 pm on a side (see Ch. 
1) The resulting putlframe measures 2160 pm by 2160 pm. The "PADS:" line 
,|n < 1 1 n . 1 1 ii number ol pads on the chip. The description line of the request file 
is aim defined hy llu user MOSIS replies to the above request with an ID 
miililit i mu li m H It til V riii' M( >S1S system is automated so that precise syntax 
U 1 1 qulicd 

Noli rh it hen' wc nsmimnl the * hip was laid out using the the Foresight 
dr ,pm lull (hum C >i hit ) given m Appendix A, If the chip were laid out using 
tin MOMS Si nlnl'te Design rules given in Appendix B we would use a 
I n huology sjjcdlk ution ol "S( 'NA M (Scalable CMOS N-well Analog) and add a 
line, to the email message, specifying the scalable parameter Lamba, that is, 

LAMBDA: 1.0 



Note that in either case, whether using the Foresight or the MOSIS design rules, 
the process used (Orbit's 2 pjn n-well process) is the same. 

Step 2: GDS File Submission 

To submit the chip for project check and fabrication, send the message shown 
below. The final cell that references all the other cells is the "TOP- 
STRUCTURE" cell. This cell is the chip that will be fabricated. 



REQUEST: 

ID: 

P-PASSWORD: 

LAYOUT-CHECKSUM: 

LAYOUT-FORMAT: 



FABRICATE 
876543 
UNIVER 
123456 1234 
UUGDS 



TOP STRUCTURE: 



QCEL! 
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l AYOUT 

Inwrt UUQD9 ffle here (qcfill.uun). Do not add characters. 

REQUEST: END 

II the file Is received uncorrupted, MOSIS responds by sending an e-mail 
mi ,s Hge to the user stating that the project is queued for fabrication. 

Foi some chip designs, the UUGDS ASCII file will be very large. MOSIS 
hits the capability to FTP large design files from the user. The LAYOUT 
Nittfcment can be changed, in the submission above, so that this is possible. The 
general form of the LAYOUT statement is 

LAYOUTFTP-PATH: !hostname!username!password!filename 

where "!" is used as a delimiter and hostname is the name of the computer 
connected to the Internet where the design file resides. An example is 

LAYOUT-FTP-PATH: !mycom.univ.edu!anonymous!guest!pub/chips/qcell.uue 

where the entire statement must fit on one line. Also, it is possible to send the 
email message to MOSIS containing the commands and layout file, as shown in 
Step 2 above, as an attached text file (so that a word processor can be used to 
generate the message.) 

When the chip is actually sent to the foundry, the user will be notified. 
Information about the status of the chip while being fabricated is available via 
unonymous FTP or the World Wide Web (http://www.mosis.org). Consult the 
MOSIS user's guide and the on-line information for additional information on 
submitting a chip for fabrication and the fabrication schedule. ■ 

To summarize the procedure for submitting a chip to MOSIS for fabrication, 
iM-gln with a LASI-generated TLC file. Then 

• Using the command button Tlc2Gds on the LASI system menu, generate a 
Calma Stream Format (GDS) binary file. 

Run uuen.exe on the GDS file. The result is a UUGDS (ASCII) file. 

Next, the checksum program is run on the UUGDS file. This results in the 
generation of two numbers: checksum and byte count. 

1 Send MOSIS a request for a new project ID (assuming you already have an 
account). 

Submit the UUGDS file to MOSIS for syntax check (not a design rule check) 
.md fabrication. 

A Hr i MOSIS replies that the file has no fatal syntax errors the project will be 
qih urd toi labt icalion. 
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PROBLEMS 

For the following problems, use the LASI setups given in Appendix A and in the 

C:\Lasi6\Wcn20 directory for the CN20 process. 

I . I Create a cell, called test3 with a rank of 1 using LASI, In this cell, draw a 10 pm 
by 10 1 1 in box using the poll layer. Place the lower left corner of the box at the 
uiijpu Use On* (used to set the zero point) and the spacebar to measure the 
-li t belw < eu opposite i < >i nei s 

I ’ I | a .m l« < i In «|(Vlm i uimuand urn be used to edit the box in Problem 1 so 
ili u iif ' ' H pm How would flu - lit" accomplished using Get, Mov, 

mill Pi*| ■ 

1,1 i« a Inn H m 0 'I.- .Win mil t Will l ( iihiitmul*. pet lofin? 

Si u i t .i i Hid i I'iiI I pet loon? 

Ilf li ^ mi i mi i iid il1« i k it M in be used foi labeling in LASI. The tLayr 

i li i i u hi h I < , ■ i fin h ' f is dt be u often m, while tlu; tSiz sets the size of the 

te \ m 1 'i pin tin irutehi Wi ife the wot d "leM" on the met 1 layer with sizes of 

i and 34 pm m the test \ cell ol Problem I . Show the result without using the 

releieitcc mark. (T he reference mark is removed by pressing t on the keyboard or 
by selecting the T in the top right corner of the drawing display, remembering to 
execute a Draw command afterward.) Labeling is extremely important in 
layout. 

1.6 Create a cell named test4 with a rank of 1. Generate the layout shown in Fig. 
P1.6a in this cell. The text and boxes are written using the metl layer. Next 
create a cell named testS with a rank of 2. Add the test4 cell into the test5 cell 
five times as shown in Fig. PI. 6b. The cGet and Mov commands may come in 
handy at this point. Next draw the cells as outlines, shown in Fig. PI. 6c, using 
the Outl command. Note that we could have used the Cpy command to copy the 
layout in test4 five times and avoid adding the test5 cell. The problem with this 
is that as the layout becomes complicated the memory required in a "flat" cell 
increases dramatically. The hierarchical layout using the nested cells keeps 
memory usage to a minimum. The Cpy command should be used as little as 
possible. 




I li.i| lit < I jlltd M III, Hud 
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(b) (c) 



I- Injure PI. 6 

* 7 Polygons or paths can be drawn using LASI by setting the Obj to "p" (instead of 
"b" tor box). Setting the Wdth size to 0 causes LASI to draw polygons, while 
setting the width greater than 0 causes LASI to draw paths. When finished 
drawing a path or polygon, use the aPut command. Using LASI, copy the layout 
shown in fig. PI .6a using the polygon object. 

i K What part of an object made using the polygon or path must be encompassed to 
Cot the object? 

i Using the poll layer, draw a triangle that measures nominally 10 pm on each 
side 1 low many vertices does the object have? 

I II) (‘neles i an he drawn using a polygon (path with zero width) and the Arc 
l ommnnd. ( ’onsider the layout shown in Fig. PI .10. Copy this layout in LASI. 
I login by adding a vertex at point A using the Add command. This is followed 
In ariei Hug (he Arc command, moving and clicking the mouse in the desired 
i i ulei til the curie, and leluinmg and clicking the mouse at point A. The 
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bottom of the display will then inquire how many segments should be used and 
which direction to draw, that is, counterclockwise or clockwise. Hit the I nter 
key to both of these questions, and LASI will draw the following circle. 




AX 




Figure PI. 10 

I II I'm mi' I ! on (In' ti y l ii mi cl within I hr l AM program calls the LASI help file. 
WImi ^niilil In uddfil In the end of the loimdlnl tile in a drawing directory so 
iik.it l 1 | ii liMiiin. ih. I AM command HI and L * performs an aPut? Frequently 
umM i omm.intl , can hr raeuilol using function keys to help speed up layout 
l mu 

M2 U sing the Dpth command, show how the cells in Fig. PI. 6b can be drawn as 

outlines. What does the depth level mean? Show that, by pressing i on the 
keyboard (or top right corner of the drawing screen), the cells are also drawn as 
outlines. 

1.13 What do the keyboard buttons w, u, a, z, and space do in LASI? 

1.14 Describe how to add text in LASI and how to set the text size and layer. 

1.15 Using LASI, show example layouts that show the difference between path 
objects and the poly objects. Use potyl in your examples. How do you Get a 
poly or path object? 




Chapter 
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The Well 



l ■ min lo develop a fundamental understanding of CMOS integrated circuit layout and 
■ i- i p 1 ti „ we begin with a study of the n well. This approach will build a solid foundation 
ini understanding the performance limitations and parasitics (the pn junctions, 
i HjuiettMices, and resistances inherent in a CMOS circuit) of the CMOS process. 

I The Substrate 

I M( IN circuits are fabricated on and in a silicon wafer as was discussed in Ch. 1. This 
* itfn is eloped with donor atoms, such as phosphorus for an n-type wafer, or acceptor 
►Hi Him, such as boron for a p-type wafer. Our discussion will center around a p-type 
n.iii i. When designing CMOS integrated circuits with a p-type wafer, n-channel 
MuspHTs (NMOS for short) are fabricated directly in the p-type wafer, while the 
|t - htinncl transistors, PMOS, arc fabricated in an "n-well." The substrate or well are 
Himrlimes referred to as the bulk or body of a MOSFET. CMOS processes that 
fabricate MOSFETs in the bulk are known as "bulk CMOS processes." The well and 
Ihi substrate are illustrated in Fig 2. 1 , though not to scale. 

Often an epitaxial layer is grown on the wafer. We will not make a distinction 
hr! ween this layer and the substrate. Some processes use a p-well or both n- and p-wells 
(sometimes called twin tub processes). A process that uses a p-type substrate with an 
h well is called an ”n-well process." The process described in Appendix A, CN20, is an 
(i well process. The n-well acts as the substrate or body of the p-channel transistors. 

Another important consideration is that the n-well and the p-substrate form a 
dUnlc (Fig., 2.2). In CMOS circuits, the substrate is usually tied to the lowest voltage in 
Hu i m uit to keep this diode from forward biasing. Ideally, zero current flows through 
ihi' substrate connection. 
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Flip chip 

> 

on its side 
and enlarge 




MOSFETs are not shown, / TT __ 

/ Usually, we 

/ will not show 
/ the epitaxial 
layer. Many 
processes don't use 
the epi layer. 




I lptiii 1 I lllii ii.ilion of the (up and side view of a die. 



M> id* in in;- ti'jni (m lahi lulling p i hnnncJ transistors, the n-well can be used 
,i to iMm the vtifiapi *.idr ol ttic ivMsior imist be large enough to keep the 

uli h ilt Av< IJ dmde hum Imv ml bln mg. 

2 1 I Patlffrnlng 

( MOS integrated circuits arc formed by patterning different layers on and in the CMOS 
wafer. Consider the following sequence of events that apply, in a fundamental way, to 
any layer we need to pattern. We start out with a clean, bare wafer as shown in Fig. 
2.3a. The distance given by the line A to B will be used as a reference in Figs. 2.3b-j. 
Figures 2.3b-j are cross-sectional views of the dashed line shown in (a). 




Figure 2.2 The n-well can be used as a resistor. 
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(«i) l In processed wain 



A B 



p-type 



(b) Cross-sectional view of (a) 
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Photo- 

resist 

Oxide 



(c) Grow oxide (glass 01 SiO^) on wafer. 
A W 



Top view 

Side view 

— > 




(c) Mask made resulting from I ,ASI layout, (f) Placement of the mask over the wafer. 
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(h) Developing exposed photoresist. 




i I ti htflg oMilr to repose wain 



(j) Removal of photoresist. 



Hgnir ? \ Srt | in i u r u( rvrnls used in patterning 






The first step in our generic patterning discussion is lo grow an oxide, SiO, or 
glass, a very good insulator, on the wafer. Simply exposing the water to air yields the 
reaction Si + 0 2 — > Si0 2 . However, semiconductor processes must have tightly 
controlled conditions to precisely set the thickness and purity of the oxide. Therefore, 
we can grow the oxide using a reaction with steam, F^O, or with 0 2 alone. The oxide 
resulting from the reaction with steam is called a wet oxide, while the reaction with 0 2 
is a dry oxide. Both oxides are called thermal oxides due to the increased temperature 
used during oxide growth. The growth rate increases with temperature. The main 
benefit of the wet oxide is fast growing time. The main drawback of the wet oxide is the 
hydrogen byproduct. In general terms, the oxide grown using the wet techniques is not 
as pure as the dry oxide. The dry oxide, as we can conclude, generally takes a 
considerably longer time to grow. Both methods of growing oxide are found in CMOS 
processes. 

An important observation we should make when looking at Fig. 2,3c is that the 
midr pmwfh actually consumes silicon. This is illustrated in Fig. 2.4. The overall 
tlu< I up v* of l hr oxide r related to thickness of the consumed silicon by 

A, 0.45 f ( , y (2.1) 
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Figure 2.4 How growing oxide consumes silicon. 



The next step of the CMOS patterning process is to deposit a photosensitive 
resist layer across the wafer (see Fig. 2.3d). Keep in mind that the dimensions of the 
layers, that is, oxide, resist, and the wafer, are not drawn to scale. The thickness of a 
wafer is typically 500 |im, while the thickness of a grown oxide or a deposited resist 
may be only a few jim or even less. After the resist is baked, the mask derived from the 
layout program, Figs. 2.3e and f, is used to selectively illuminate areas of the wafer. Fig. 
2.3g. In practice, a single mask called a reticle, with openings several times larger than 
the final illuminated area on the wafer, is used to project the pattern and is stepped 
across the wafer with a machine called a stepper to generate the patterns needed to 
create multiple copies of a single chip. The light passing through the opening in the 
reticle is photographically reduced to illuminate the correct size area on the wafer. 




I lu photoresist is developed (Fig 2 Jh), removing the areas that were 
ilhiri itnniiH j I his process is cut led a positive resist process because the area that was 

III tiled whs removed A negative resist process removes the areas of resist that 

wrM not exposed to the light. Using both types of resist allows the process designer to 
t til down on the number of masks needed to define a CMOS process. Since creating the 
tun .1 , is expensive, lowering the number of masks is equated with lowering the cost of 
« process. This is also important in large manufacturing plants where fewer steps are 
t limited with lover cost. 

The next step in the patterning process is to remove the exposed oxide areas 
i big, 2 m). Notice that the etchant etches under the resist, causing the opening in the 
oxide to be larger than what was specified by the mask. Some manufacturers 
Intentionally bloat (make larger) or shrink (make smaller) the masks as specified by the 
layout program. Figure 2.3j shows the cross-sectional view of the opening after the 
insist has been removed. 

2.1.2 Patterning the N-well 

\t this point we can make an n-well by diffusing donor atoms, those with 5 valence 
llrclrons, as compared to 4 for silicon, into the wafer. Referring to our generic 
fuillerning discussion given in Fig. 2.3, we begin by depositing a layer of resist directly 
nil the wafer, Fig. 2.3d (without oxide). This is followed by exposing the resist to Light 
through a mask (Figs. 2.3f and g) and developing or removing the resist (Fig. 2.3h). 
I he mask used here can be generated with the LASI program. The next step in 
lubricating the n-well is to expose the wafer to donor atoms. The resist will block the 
diffusion of the atoms, while the openings will allow the donor atoms to penetrate into 
i hr wafer. This is shown in Fig. 2.5a. After a certain amount of time, dependent on the 
depth of the n-well desired, the diffusion source is removed (Fig. 2.5b). Notice that the 
n well "outdiffuses" under the resist; that is, the final n-well size is not the same as the 
mask size. Again, the foundry where the chips are fabricated may bloat or shrink the 
mask to compensate for this lateral diffusion. The final step in making the n-well is the 
removal of the resist (Fig. 2.5c). 

2.2 Laying out the N-well 

When we lay out the n-well, we are viewing the chip from the top. The following 
example illustrates how to lay out an n-well of size 10 pm square. 

Example 2.1 

Using the LASI program, lay out an n-well that is 10 pm square. Sketch the 
e mss -sectional view of the layout. Assume we are using the CN20 setups given 
in the Jasi chapter and using the layer table select Layr from the drawing screen 
commands and the layer "nwel." If the origin marker is not showing, type "r." 
Now select Add. The bottom of the display should show that the object is a box 
ami that the grids are I pm. Place the cursor in the display area on the origin 




2H 



and press and release the LEFT mouse button. Move the mouse until the 
distance shows ux = 10 pm and uy = 10 pm. The resulting display is shown in 
the top of Fig. 2.6. Notice that the drawn size, both width and length, of the 
n-well differs from the actual size because of the lateral diffusion. ■ 
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Diffusion of donor atoms 
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(c) After resist removal 

Figure 2.5 Formation of the n-well. 



2.2.1 Design Rules for the N-well 

Now that we know how to lay out the n-well, we might ask the question, "Are there any 
limitations or constraints on the size and spacing of the n-wells?" That is to say, can 
we make the n-well 2 pm square? Can we make the distance between the n-wells 1 
pm? As we might expect, there are minimum spacing and size requirements for all 
layers in a CMOS process. Process engineers, who design the integrated circuit process, 
specify the design rules. A complete listing of the CN20 design rules can be found in 
Appendix A. 

Figure 2.7 shows the design rules for the n-well. The minimum width of any 
n-well is 3 pm, while the minimum spacing between different n-wells is 9 pm. As the 
layout becomes complicated, the need for a program that ensures that the design rules 
are not violated is needed. 
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Figure 2.6 Layout and cross-sectional view of a 10pm n-well. 
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2.2.2 Using the LasiDrc Program 

To perform a design rule check (DRC) of a layout, simply select LasiDrc, from the 
LASI system menu, followed by Setup. Enter the name of the cell (see below) to be 
checked and type cn20.drc as the name of the check file. Since we only know two 
design rules at this point, that is, from Fig. 2.7 checks 1 and 2, the starting check should 
be 1 and the finish check should be 2. To start the program, select Go on the top of the 
LASIDRC screen (after closing the setup screen). If there is an error a bit map of the 
layout will be generated (and can be viewed with the Map command) and the error will 
be reported in a report file (which can be read using the Read command). The DRC 
will be performed on the section of layout shown in the drawing display just prior to 
calling the LASIDRC program or after the Save command is used if the DRC program 
is already open. To DRC the entire cell, press the Fit command button on the DRC 
setup screen. This feature can be used to decrease the time it takes to perform a DRC by 
I >Rt ’mg only the specific areas of interest. 




2.3 Resistance Calculation 

In addition to serving as a region in which to build PMOS transistors, n-wells are 
sometimes used to create integrated resistors. The resistance of a material is a function 
of the materials resistivity, p, and the materials dimensions. For example, the slab of 
material in Fig. 2.8 between the two leads has a resistance given by 
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(2.2) 




Figure 2.8 Calculation of the resistance of a rectangular block of material. 



In semiconductor processing, all of the fabricated thicknesses, such as the 
u well, are constant. We only have control over W and L. Also notice that the Wand L 
Iff what we see from the top view, that is, the layout view. We can rewrite Eq. (2.2) as 



R R. square ' T17 



L 

W 



(2.3) 



/ f is the sheet resistance of the material in Q/square. 



Example 2.2 

Calculate the resistance of an n-well that is 10 jam wide and 100 Jim long. 



From the Orbit electrical parameters in Appendix A for CN20 we see that the 
sheet resistance of the n-well varies from a minimum of 2,000 Q/square to a 
maximum of 3,000 Q/square, with a typical number of 2,500 Q/square. So the 
typical resistance between the ends of the n-well is 



R = 2,500- 



100 Jim 
10 Jim 



= 25 kQ ■ 



When laying out resistors using ihe "path” object, n-well, poly, or some other 
Inver, I.AS1 has a resistor calculator that will help in the calculation of nonrectangular 
i cm stances. Often, to minimize space, icsistors are laid out in a serpentine pattern. The 
► timers, that is, where the layer bends, are not rectangular. This is shown in Fig. 2.9a. 
Ml sections in Fig 2.9a are square, so the resistance of sections 1 and 3 is R square . The 
equivalent u-sistance of section 2 between the adjacent sides, however, is approximately 
(I (i K _ The overall resistance between points A and B is therefore 2.6 -R square - 



The layout shown in Fig. 2. l )b uses wires to connect separate sections of a 
i. iMur avoiding corners. Avoiding corners in a resistor is the generally preferred 
method ul layout in analog circuit design where the ratio of two resistors is important. 
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Figure 2.9 (a) Figure for the calculation of the resistance of a corner section and 
(b) layout to avoid corners. 

7 y I Thn N woll Roflistor 

Al tin . point, h is tppiup* iiitc- to show the actual cross-sectional view of the n-well after 

'dl Mrp tie uMiijili ii tl (Ftg 2,10). The n+ and p+ implants are used to 

in* o >< On flm-ihnlil vnliaju ul ihi held dr vices; more will be said on this later in Ch. 
i Nnih. in \|i|h hdi* A Jin i >1 tin rlnlrknl pnriuncicrs, that the sheet resistance of the 
u wi 11 u nit inn d wlvh i hr in Id Implant in place, that is, with the n-i- implant between 
tii- i v h n te< a I nmm i thur- in Fly 2 in Not shown in Fig. 2.10 is the connection to 
ul * 1 1 u< fh- Held us, hie (FOX; nho known ns ROX or recessed oxide) will be 
dhi n rtl In t It 1 when wr dist ms (lie active and poly layers. 
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p+ field implant 



n+ active implant 



n+ field implant 



p-substrate 



Figure 2.10 Cross-sectional view of n-well showing field implant. The 

field implantation is sometimes called the "channel stop implant". 



2.4 The N-well/substrate Diode 

Placing an n-well in the p-substrate forms a diode. Therefore, it is important to 
understand how to model a diode for hand calculations and in SPICE simulations. In 
particular, let's discuss diodes using the n-well/substrate pn junction as an example 1 2]. 
The DC characteristics of the diode arc given by the Shockley diode equation, or 
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h> - h{A - l] (2.4) 

Mir i unvnl / Jt is (lie diode current; I s is the scale (saturation) current; V d is the voltage 
14 1 sins (lie diode where the anode (p-type material) is assumed positive with respect to 
the i aihodc (n type); and V r is the thermal voltage which is given by where k = 
IMi/.tmmn's constant (1.3806 x 1CT 23 joules per degree kelvin), T is temperature in 
itelvln, n is the emission coefficient (a term that is related to the doping profile and 
Affects the exponential behavior of the diode), and q is the electron charge of 1.6022 x 
in N coulombs. The scale current and thus the overall diode current are related in 
SPICE by an area factor. The SPICE circuit simulation program assumes that the value 
ni I f supplied in the model statement was measured for a device with a reference area of 
1 If an area factor of 2 is supplied for a diode, then I s is doubled in Eq. (2.4). 

/ 4.1 Depletion Layer Capacitance 

N type silicon has a number of mobile electrons, while p-type silicon has a number of 
mobile holes (a vacancy of electrons in the valence band). Formation of a pn junction 
results in a depleted region at the p-n interface (Fig. 2.11). A depletion region is an 
area depleted of mobile holes or electrons. The mobile electrons move across the 
lunction, leaving behind fixed donor atoms and thus a positive charge. The movement 
ul holes across the junction, to the right in Fig. 2.11, occurs for the p-type 
semiconductor as well with a resulting negative charge. The fixed atoms on each side 
of the junction within the depleted region exert a force on the electrons or holes that 
have crossed the junction. This equalizes the charge distribution in the diode, 
preventing further charges from crossing the diode junction and also gives rise to a 
parasitic (depletion) capacitance. 



Anode Cathode 

p-type n-type 

o o o o o OQ00 0© • • 

o o o o o 0 ^ Depletion Q • • 

o o o o o 0 region © © • • 

o o o o o ©00© 0© • • 

Two plates of a capacitor 

Figure 2.11 Simple illustration of depletion region formation in a pn junction. 



The depletion capacitance, C y , of a pn junction is given by 



Cj 




(2.5) 
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C. 0 is the zero-bias capacitance of the pn junction, that is, the capacitance when tlu- 
voltage across the diode is zero. V d is the voltage across the diode, m is the grading 
coefficient (showing how the silicon changes from n- to p-type), and <j>o is the built-in 
potential given by 



<J>o = vy ■ In 



( NaNd ) 



( 2 . 6 ) 



where N A and N D are the dopings for the p- and n-type semiconductors, respectively, V T 
is the thermal equivalent voltage ^(26 mV @ room temperature), and n ( is the intrinsic 
carrier concentration of silicon (rc ( . = 14.5 x 10 9 atoms/cm 3 ). 



Example 2.3 

Sketch schematically the depletion capacitance of an n-well/p-substrate diode 
1(H) 100 'fine square given that the substrate doping is 10 16 atoms/cm 3 and the 

well duping is l() lfV atoms/cnV The measured zero-bias depletion capacitance of 
tit! fumliou is |(){) , it /fiin’ and tlu* grading coefficient is 0.333. Assume the 
ill pill of tlu i\ Wi 11 h t pm 

Wi i In vm Hu |!iuhlrin by cnlculaiing ihe built-in potential using Eq. (2.6): 

mi® |[pfi 

t 020) In ■ 1 — 0.7 V 

(14.5 x lO'Y 

I lu depletion capm iiuncc js made up of a bottom component and a sidewall 
l umpunent as shown in lug. 2. 1 2. 



+F</-I 






n-well 1 ~y 



Bottom capacitance 



Sidewall capacitance 
p-substrate 



Figure 2.12 A pn junction on the bottom and sides of the junction. 



The bottom zero-bias depletion capacitance, C j0b , is given by 

Cjob = (Capacitance per Area) ■ (Bottom Area! which, for this example, is 
Cjob = (100 aF/pm 2 ) • (100 p.m) 2 = 1 pF 
The sidewall zero-bias depletion capacitance, C^., is given by 

Cjos = (Capacitance per Area) ■ (Depth of the Well) • (Perimeter of the Well) 



or 





i i. i - l b. U ell 






Oh ( 100 ul7|.ini J ) ( i Jim) (400 pm) 120 fF 



ll«< fuhil diode depletion i jijiju jrmu e between the n-well and the p-substrate is 
tin p. italic] combination of (In hniumi and sidewall capacitances, or 




huhslUiititig in the numbers, we get 

i jib + 0. 120 pF 




Cjob + C jos 




A sketch of how this capacitance changes with reverse potential is given in Fig. 
} IT Notice that when we discuss the depletion capacitance of a diode, it is 
usually with regard to a reverse bias. When the diode becomes forward-biased 
minority carriers, electrons In I he p material and holes in the n material, injected 
ih loss the junction, form a Morcd charge in and around the junction and give 
use to a storage capacitance This capacitance is usually much larger than the 
depletion capacitance. Fuilhermore, the time it takes to remove this stored 
charge can be significant. ■ 

Cj, diode depletion capacitance 




Figure 2.13 Sketch of diode depletion capacitance against diode reverse voltage. 



4.2 Storage Capacitance 

* imsider the charge distribution of a forward-biased diode shown in Fig. 2.14. When 
llir diode becomes forward biased, electrons from the n-type side of the junction are 
•i Hi >ii led lo the p-type side (and vice versa for the holes). After an electron drifts across 
I In junction, it starts to diffuse toward the metal contact. If the electron recombines, 
dmi is, lulls into a hole, before it hits the metal contact, the diode is called a "long base 
diode " The lime it takes an electron to diffuse from the junction to the point the 

* livlion leeombines is called the carrier lifetime. For silicon this lifetime is on the 
billet ol If) jj s . If the distance bet wren the junction and the metal contact is short, such 
Hud Hie elr i turns make it lo the metal contact before recombining, the diode is said to 
In i "short base diode" hi either case, l hr time between crossing the junction and 



I nil I MO I mu i nui ni t! 
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Figure 2.14 Charge distribution in a forward-biased diode. 

inombuving is called the transit lime, tr- A capacitance is formed between the 
< l» Ilnur, ihlhising into the p side and the holes diffusing into the n-side, that is, formed 
Mwn [i die ininc vi Hy uinlns (I lections are the minority carriers in the p-type 
m'imIi iMulm mi i l lilN eiijuu itam e is ollen called a diffusion capacitance or storage 
f ■ > i h< | nr m" tu v nl Hie ‘.imed minority earners around the junction). 

Wi « an i hiii in Ml/r the stompe capacitance, ( \ , in terms of the minority carrier 
he mil, l hidi i t H 1 1(11'! lillnp i omlilfons, the storage capacitance is given by 



l n Is the PC i in mil i lowing, through the forward-biased junction given by Eq. (2.4). 
I ooking at the diode capacitance in this way is very useful for analog AC small-signal 
analysis. However, for digital applications we are more interested in the large-signal 
switching behavior of the diode. It should be pointed out that in general, for a CMOS 
process, it is undesirable to have a forward-biased pn junction. If we do have a 
forward-biased junction, it usually means there is a problem, for example, electrostatic 
protection, capacitive feedthrough possibly causing latch-up, and so on. These topics 
are discussed in more detail later in this chapter. 

Consider Fig. 2.15. In the following diode switching analysis, we will assume 
that V F » 0.7, V R < 0 and that the voltage source has been at V F long enough to reach 
steady-state condition; that is, the minority carriers have diffused out to an equilibrium 
condition. At the time t } the input voltage source makes an abrupt transition from V F to 
V R , causing the current to change from ^ to The diode voltage remains at 0.7 V 
since the diode contains a stored charge that must be removed . At time t 2 the stored 
charge is removed. At this point, the diode basically looks like a voltage-dependent 
capacitor that follows Eq. (2.5). In other words for t > t 2 the diode depletion 
capacitance is charged through R until the current in the circuit goes to zero and the 
voltage across the diode is V R . This accounts for the exponential decay of the current 
and voltage shown in Fig, 2.15. 
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Figure 2.15 Diode test circuit. 



The diode storage time, the time it lakes to remove the stored charge, t s , is 



Uliijily the difference in t 2 and r,, or 




t s — 1 1 1 1 


(2.8) 


t iii s time is also given by 




ts = Tr\n lF - iR 


(2.9) 



~IR 



*Imic ir and -y- = ir - a negative number in this discussion. Note that it is quite 
■HftV hi determine the minority carrier lifetime using this test setup. 

Defining a time t v where r 3 > t v when the current in the diode becomes 10 
|N h cut ot -y, we can define the diode reverse recovery time, or 

( 2 - 10 ) 

j 4,3 SPICE Modeling 

Mu SPICE (simulation program with IC emphasis) diode mbdel parameters are listed 
In I nble 2.1. The series resistance, R s , deserves some additional comment. This 
«» i ■.tunic results from the finite resistance of the semiconductor used in making the 
illndr and the contact resistance, the resistance resulting from a metal contact to the 
iimiiconduetor. At this point, we are only concerned with the resistance of the 
timin oiuluctor. For a reverse-biased diode, the depletion layer width changes, 
im liaising for larger reverse voltages (decreasing both the capacitance and series 
ti Msiniuc, of the diode). However, when we model the series resistance, we use a 
i on nl unt value. In other words, SPICE will not show us the effects of a varying R s . 

Kutinpk 2.4 

I bung SPICE, explain what happens when a diode with a carrier lifetime of 30 
r, luken bom the forward-biased region to the reverse-biased region. Use the 
1 . in ml shown in Fig, Hx2.4 to illustrate your understanding. 

W v will assume a zero bias depletion capacitance of 1 pF. The SPICE netlist for 
Oil 1 - * n cuit is Jhiwii below 
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Figure Ex2.4 



Diode storage time. 

D1 10TRR 

R1 3 1 10k 

Vin 3 0 DC 0 PULSE(1 0 -1 0 50n . 1 n . 1 n 50n 1 0On) 

.Model TRR D 

* IS 1 OE 15 TT 30E-9 CJO=1 E-12 VJ=.7 M=0.33 
pfofot 

tmn in U.XJn 
ond 

I ijmih } lh shows llu < urn w\ through i he diode, the scaled input voltage step, 
m.i \Ur n i U <1 vulingi in ihc diode One ol the interesting things to notice 
fill* mi this ■ kin ml r i Iviii * ni nut m fiiiil f y I lows through the diode in the negative 
i.i imm, , i h iinnii'ii r I h diode is foiwmd hiiisnl. During this time, the stored 
iimiimhi . , in n i , Inn |m is mumriMmm ihe junction The storage time is given 
liy 



1 1 



HI ns 



I iuAj 1 °.ZjM 

1.0/ m.A 



18.8 ns 



wiinh i . close to the .imulution results. Note that the input pulse doesn't change 
until M) ns utter the simulation starts. This ensures a steady-state condition 
when the input changes from 10 to -10 V. ■ 



Name 


SPICE 




Is 


IS 


Saturation current 


Rs 


RS 


Series resistance 


n 


N 


Emission coefficient 




BV 


Breakdown voltage 


hd 


mv 


Current which flows during 


Co 


CJ0 


Zero-bias pn junction capacitance 


Cpo 


VJ 


Built-in potential 


m 


M 


Grading coefficient 


%T 


TT 


Carrier transit time 



Table 2.1 SHUT' parameters related to diode 





10 V 




Figure 2.16 Results of Example 2.4 showing current and scaled voltages. 

|, ft The RC Delay Through an N-well 

A i this point, we know that the n-well can be used as a resistor and as a diode when 
iued with the substrate. Figure 2.17a shows the parasitic capacitance and resistance 
|i«odttted with the n-well. Since there is a depletion capacitance from the n-well to the 
pibltrate, we could sketch the equivalent symbol for the n-well resistor as shown in Fig. 
7 1 7b. This is the basic form of an RC transmission line. If we put a step into one side 
n! dir n well resistor a finite time later, called the delay time and measured at the 50 
ptrcrnt points of the pulses, the pulse will appear. 

The delay can be calculated by knowing the resistance, r, per unit length, the 
I iipm itance, c, per unit length, and /, the number of unit lengths using the following 
111 : 

td = 0.35rc/ 2 (2.11) 



I liiittpk 2.5 

Kilhnatc the delay through a 250 k Q. resistor made using an n-well with a width 
ol 3 pm and a length of 300 pm. Verify your answer with SPICE. 

II wr divide the resistor up into 100 squares each 3 pm wide and 3 pm long, we 
< im dr i me I he number of unit lengths, /, as 100. The resistance of one of these 
squares is 2.5 k il ( - r) per unit length. Now we are faced with determining the 
i iipnn Inner to substrate of one of these squares. Since the capacitance is a 
turn tiun ol i he- voltage, we can get a worst-case estimate by selecting the 
zero Imr depletion t npm itnuce (see Fig, 2 13). From Ex. 2.3 the zero-bias 
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1**111 1 * M 1 I mill mi I il 



(a) 



Pulse in 

_r 



R determined by the sheet resistance 
of the n-well 



Pulse out 





depletion capacitance 
R of the n-well 



(b) 



Input ^VWV Output 



Subsli ate connection 



) ll)ini- 1.17 [ it) PiHUHilii i r >) m(iikk r «md cupiuihmcc of the n-well and (b) schematic symbol. 

ilOjiWinn wipm Ijnrur between (he n well nml substrate is 100 aF/|im 2 . The 
< hjhu HiiiU i | in milt length is the sum of tin 1 bottom and sidewall capacitances. 
Ilowevn, since e*u h squuie, except lot the first and last squares, has only two 
sides cnuii ibuiing lo the depletion capacitance and it is desirable to keep the 
number of calculations to a minimum in an estimate, we will neglect the 
sidewall capacitance. The capacitance per unit length is given by 

c = CjOb = 100-^r(3 ■ 3)nm 2 = 900 aF 
jam 

The delay is now estimated by 

t d = 0.35 ■ rcl 2 = 0.35 ■ 2.5k ■ 900 aF ■ 100 2 = 7.88 ns 

The SPICE netlist and the resulting output are shown in Fig. 2.18. Note that 
this is a SPICE3 netlist and not a PSPICE netlist. Also note that the nodes were 
labeled with names (i.e., Vin and Vout) rather than numbers. ■ 

We can simplify Eq. (2.1 1) by realizing that the products rl and c-l are the total 
resistance and capacitance to substrate of the n-well resistor. Using this result on the 
previous example gives R = rl = 2,500- 100 = 250 k£i and C-c l - 900 aF-100 = 90 fF 
and therefore 



t d = 0.35 • RC = 0.35 ■ 250k ■ 90 fF= 7.88 ns (2.1 2) 

which is the same result given the example. The important thing to notice here is that 
we can totally avoid the unit length parameter l. The resistance R is the resistance of 




hr Well 
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Fly mi 2,18 Simulation results from Example 2.5. 

Win resistor ( = 250 kU above), and the capacitance C is simply the product of the 
■ 'Mum area of the rent am with the zero-bias depletion capacitance (= 3 • 300 100 aF = 

mi fl'). 

Mil KRENCES 

D. H. Boyce, / \SI Users Manual , available as on-line help or as a printable 
manual by pn tuy Help while LASI is running. 

I). A. Hodge and II. (i. Jackson, Analysis and Design of Digital Integrated 
Circuits, Mi thaw Hill Publishing Company, 2nd ed., 1988. ISBN 
0 07-029158 fi 

M| N. H, E. WVnI*' and K. Eshraghian, Principles of CMOS VLSI Design f 
Addison-Wr h \ . 'ml ed. 1993. ISBN 0-201-53376-6. 

PMODLKMS 

I i Figure P2. 1 L >i wtiou of n well laid out using the path object with a width of 4 
pm. Sketch the < mv, sectional view (see Ex. 2.1, at the positions indicated in 
the figure). < upv ilu , layout using the LASI program. Using the Res command 
(Isidore using fix Kra i tmmmiul, use fget on the path) with a sheet resistance of 
2.500 ii/sqinm Mlu 1 I vpit al sheet resistance of the n-well) and an end correction 
nl 0 o, determine I hr rrsisiaiu e of ihe section. How does this compare with the 
) used Im the faymil in f ig 2.9a? 
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2.2 Add iwo boxes to the layout of Problem 1 (see Fig. P2.2). Using the LASIDRC 
piognnn with checks 1 and 2, show the design rule violations in the layout. 

2. \ 1 ny out n mimiiwilly 1L *0 k il resistor using the n-well and the serpentine pattern 

lutwii In hr 1' * y As* umr that the maximum length of a segment is 100 pm. 
Alsu design mlr i htu k the tmishcd resistor. 

I I A aiming tlu n well depth is \ pm in the CN20 process, what are the minimum, 
typical, and maximum v-ihu - ol the n well resistivity? 

2.5 Normally, the settle cm rent ol a |>n junction is specified in terms of a scale 
current density, / t (A/m’j and the width and length of a junction (i.e., I S = J S L-W 
neglecting the sidewall component). Estimate the scale current for the diode of 
Ex. 2.3 if J y = 1 0 K A/m 2 . 

2.6 Repeat Problem 5 including the sidewall component (I s = J S L W + 
J 5 * (2L+2 W) -depth) . 

2.7 Using the diode of Ex. 2.3 in the circuit of Fig. P2.7, estimate the frequency of 
the input signal when the AC component of v out is 707 pV (i.e., estimate the 3 
dB frequency of the lv 0H /vJ). 

2.8 Verify the answer given in problem 7 with SPICE. 

2.9 Using SPICE, show that a diode can conduct current from its cathode to its 
anode when the diode is forward biased. 

2.10 Estimate the delay through a 1 resistor (5 pm by 2,000 pm) made in the 
CN20 process using the n-well. Verify with SPICE. 

2.11 If one end of the resistor in Problem 10 is tied to +5 V and the other end is tied 
to the substrate that is tied to ground, estimate the depletion capacitance (F/m 2 ) 
between the n-well and the substrate in the middle of the resistor. Assume that 
the resistance does not vary with position along the resistor. 
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Figure P2.7 

2.12 The diode reverse breakdown current, that is, the current that flows when \V d \< 
BV (breakdown voltage), is modeled in SPICE by 

l D =IBV-e^ +mVT 

Assuming 10 pA of current flows when the junction starts to break down at 100 
V, simulate, using a SPICE DC sweep, the reverse breakdown characteristics of 
the diode. (The breakdown voltage, BV , is a positive number. When the diode 
starts to bieak down - BV = V fi , For this diode, breakdown occurs when V d - 
IDO V.) 

2.13 Pi-prat \ x ( 1 il the m wcll/p substrate diode is 50 pm square and the acceptor 
doping com miration is changed to ID 11 atoms/cm 3 . 

2.14 ! -llnmh I lie .image time, that is. the time it takes to remove the stored charge 
m a diode (see Fig 2. IS), when t r = 5 ns, V F ~ 5 V, V R = -5 V, C jQ = 0.5 pF, and 
H Ik Verify yout results with SPICE. 
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The Metal Layers 



Nnw that we are familiar with the well, let’s discuss the metal layers. In particular, for 
•i.i CN20 process there are two levels of metal. These levels are named metall and 
The metal layers are used to connect the circuit together. In this chapter, we 
I- ink at the bonding pad, the design rules for the metal layers, capacitances associated 
With the metal layers, crosstalk, sheet resistance, and metal migration. 

■3.1 The Bonding Pad 

Hu 4 bonding pad is at the interface between the die and the package or the outside 
World, One side of a wire is soldered to the pad, while the other side of the wire is 
Wmnected to a lead frame. (The lead frame, in part, is the actual pins we see in a 
packaged integrated circuit.) At this point we will not concern ourselves with electro 
ii-iiie discharge (ESD) protection, which is an important design consideration when 
ilrvigning the pad. 

.1,1.1 Laying out the Pad 

Ihr basic size of the bonding pad specified by MOSIS is a square 100 pm x 100 pm. 
l or a probe pad 1 , used to probe the circuit with a microprobe station, the size should be 
greater than 6 pm x 6 p,m. A pad that uses metal2 is shown in Fig. 3.1. Notice, in the 
% miss sectional view, the layers of insulator (Si0 2 in most cases) under and above the 
ft)cta!2. These layers are used for isolation between the other layers in the CMOS 
process. 

Before proceeding any further, we might ask the question, "What is the 
< apaci lance from this metal 2 box to the substrate?" This is important because we have 



11 m minimum size of a probe pad is set by the minimum overglass size of 6 pm. In general, 
mut if possible, probe pads should be a square with a side measuring 75 pm. 
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to drive this capacitance in order to get a signal off the chip. From the data sheets lor 
the process, the Orbit electrical parameters given in Appendix A, the specification of 
metal2 to substrate plate capacitance is 13 to 15 aF/jim 2 . If the measured plate 
capacitance is 14 aF/|im 2 , then the capacitance of the metal2 bonding pad to substrate is 
0.14 pF. This illustrates that when designing high-performance CMOS digital or 
analog circuits, the design engineer must be aware of the limitations, in this case the 
capacitances, inherent in the process being used. Layer 12, in the CN20 setups, is used 
to specify the meta!2 layer. The metal layers are sometimes referred to as wires because 
these layers are used to connect circuits, resistors, MOSFETs, and capacitors, together. 



t 



I tyoiit mi tup vlf W j* 
Mi-ial ' 

in i t tii'ii n I vlrw 




V 



100 pm 



100 pm 




of the wafer 
or die 





Insulator 




Insulator 




Insulator 




FOX 




p-substrate 



Figure 3.1 Layout of metal2 used for bonding pad with associated cross-sectional view. 

Since an insulator is covering the pad, we cannot bond (connect a wire) to the 
pad. To specify an opening or cut in the glass, we use the PAD or overglass layer, LASI 
layer 13. The top layer insulator on the chip is also called passivation. The passivation 
helps protect the chip from contamination. Openings for bonding pads are called cuts 
in the passivation. Orbit specifies 5 microns between the edge of metal2 and the PAD 
layer. A complete pad using metal2 with the pad layer is shown in Fig. 3.2. 

Often metall, layer 10, is placed under meta!2 when laying out the pads. This is 
so either metal layer from the circuit can be connected to the pad. Metal2 is connected 
to metall by the layer via, layer 11. On die the only layer that can be connected to 
metal2 is metall, the layer directly below metal2. Metall can connect to metal2, poly, 
or active (n+ or p+). We will discuss this in more detail in the next chapter. The via 
must be at least 3 |im inside metal2. A bonding pad with both metal I and 2 is shown in 
Fig. 3.3. Notice how the via has the effect of removing (lie glav* uiuln im i.il ’ Wlu-n 
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ri||in < \ I 1 ^pandcd i-uuu’j view of a pad. 



3.1.2 Dttilgn HuIfh for Pnd» 

Figuic t 5 show . Mie design inks lot the bonding pat Is The bonding pad size we will 
use is 100 pm by 100 [inn The ovgl layer (cuts in the passivation) should be a square. 
90 jam on a side, e entered in the pad, that is, 5 pm from the metal edge. The pad-to-pa^ 
spacing must be at least 75 pan. Note that the bonding pad design rules are not checkec 
by LASIDRC. 

Example 3.1 

Lay out a 40-pad frame for a MOSIS tiny chip. 

The size of the tiny chip, from Ch. 1, is 2.2 mm by 2.2 mm. If we assume that 
ten pads are on each of the four sides and the corners are open, that is, contain 
no pads (see Fig. 3.6), then we can divide the length of a side by the sum of the 
number of pads and the corner areas to get the pad cell size, or 

9 9 y 1 fr 3 rounded to 

Cell size = — — — = 183 pm -» 180 pm 

The chip, or die size, that we will have using a pad cell size of 180 pm is 2160 
pm by 2160 pm. Figure 3.7 shows the pad placed in a box, made using the 
outline layer (layer 58), of 180 pm square. The outline layer has no effect on 
fabrication. This layer is used to help align the cells when we place them in a 
higher ranking cell. Figure 3 6 shows the entire pad frame ■ 
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Outline layer 
for alignment 




Figure V7 l .nyout of u pad using ihc outline layer. 

3.2 Donlgn mid Layout Using the Metal Layers 

As mrnlinnrd ratlin, the mclul layers are used to connect the resistors, capacitors, and 
MOSl I I s m ii ( 'MOS Integrated circuit. We had a taste of the metall and 2 layers in 
the last section. In this section, we begin by discussing the design rules for the metal 
layers. The parasitic resistances and capacitances of these metal layers are then 
discussed. 

3.2.1 Design Rules for the Metal Layers 

The metal and via design rules are shown in Figs. 3.8 through 3.10. The complete set 
of design rules is given in Appendix A. The minimum width and spacing of metals 1 
and 2 is 3 p,m. Also shown in these figures is the contact layer. This layer connects 
metall to p+, n+ or the poly layers. At this point, we will concern ourselves with 
metall, metal2, and the via layers. 

3.2.2 Parasitics Associated with the Metal Layers 

The basic parasitic resistances and capacitances associated with the metal layers can be 
calculated from the information given in Appendix A. The main parameters we are 
interested in are the sheet resistances of the layers, the capacitance between the metal 
layers and active, poly, substrate, and between one another. Also, there is a finite 
contact resistance of the via. The following examples illustrate some of the unwanted 
parasitics associated with these layers. 




« li I|'h I ' I l» Mi Ml I • I V * I 
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^nlcrana ^hock* 

£.1 WIDTH £.0 £3 

£.2 SPACING £.0 £4 

£ .3 OVERLAP OF CONTACT J.O £5 

£.4 OVERLAP OF VIA £.0 £6 







-W * 

$■4 



6. METAL 1 

o 

Figure 3.8 Metall design rules. 
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7. VIA 

o 



Figure 3.9 Via design rules. 
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8. METAL 2 

* 



I’lgnrr 3.10 Mt‘l;il2 design rules 



I'TUtfliplr \,l 

I (he resistance of u 1 min long piece of metall with a width of 3 |im. 

Also estimate the delay through this piece of metal, treating the metal line as an 
RC transmission line. Assume that no other layers are present under the metal 
run. 



First, we need to calculate the resistance of the metal line. From Appendix A we 
see that the typical sheet resistance of metall is 0.06 Q/squrxe. The overall 
resistance of the line is then given by 



R = 0.06 



1 , 000 |xm 
3 |im 



20 Q 



The capacitance to substrate (we use this value on the data sheets because there 
are no other layers under metall in this example, and we are neglecting the 
fringing capacitance) is given in the data sheets as 26 aF/p.m 2 (max). The 
overall capacitance of the line is then 

C = 26x . (1,000 mn) ■ (3 iim) = 78 fF 

|inr 



If we treat the metal line as an RC transmission line, the delay can be estimated 
as 0.35/?C or 0.55 ps, a negligible and unrealistic delay. In general, unloaded 





mi i il Jmi- limit Include indm live efteeis An unloaded metal line exhibits a 
ill Iji v "t 1 I jWrnm [2], ■ 
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I «nii(|ilt' \ \ 

I i li 1 1 id i the capacitance between a 10 pm square piece of metal 1 and an 
•u|unl il tv piece of rnetal2 placed exactly above the metall piece. Sketch the 
Mvmit ami the cross-sectional view. Also sketch the symbol of a capacitor on the 
rims sectioi al view. 

tV plate capacitance, from Appendix A, between metall and metal2 is at most 
IH u!7pm\ while the fringe capacitance is at most 104 aF/pm. The two layers 
fiM ill u parallel plate capacitor. The capacitance between the plates is given by 
Mm Niim oi the plate capacitance and the fringe capacitance, or 



Cn = 



38 x 10~ l8 F 
pm 2 



(10 pm) 2 + 



104 x 10~ 18 F 
pm 



perimeter 



(40 pm) = 8 fF 



I hr layout and cross-sectional view are shown in Fig. 3.11. ■ 



Layout view of 10 pm square 
metall and metal 2 



Metal2 is the top MetaI2 


i 


Insulator 


Plate of the capacitor 


_L 




and metal 1 is bottom. ^ eta ■ 


-I — 


Insulator 



Figure 3.11 Capacitance between metall and meta!2. 



I 1 Miniple 3.4 

In the previous example, estimate the voltage change on metall when metal2 
i lutngcs potential from 0 to 5 V. 



TV capacitance from meta!2 to metall was calculated as 8 fF. The capacitance 
(him metal 1 to substrate is given by 



( ' | , uh 



26 x 1Q- |8 F 
pm 2 



1 0 pm 



82x 10~ 18 F 
pm 



perimeter 



(40 (xm) = 5.9 fF 



I In- ci|iilvnlc]U schematic is shown in Tip. 3. 1 2 The voltage on C lsuh is given by 
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&V metal \ — 5 ' 






■ = 5 ■ 



C 



12 



/coC,, 



/COC 1 2 



Cl2 + C\sub 



8 + 5.9 



► 2,9 V 



A displacement current flows through the capacitors, causing the potential on 
metal 1 to change 2.9 V. This may seem significant at first glance. However, 
one must remember that most metal lines in a CMOS circuit are being driven 
from a low-impedance source; that is, the metal is not floating but is being held 
at some potential. This is not the case in some dynamic circuits or in circuits 
with high-impedance nodes or long metal runs. ■ 
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Figure 3.12 Equivalent circuit used to calculate the change in metal 1 voltage. 

3.2.3 Current Carrying Limitations 

Now that we have some familiarity with the metal layers, we need to answer the 
question, "(low mm h current can we carry on a given width or length of metal?" The 
factors thni limsi the amount ol current on a metal wire or bus are metal 
electiomigiation, and the maximum voltage drop across the wire or buss due to the 
resistance ol the metal layer. 

Metal electromigration results from a conductor carrying too much current. 
This effect is similar to the erosion that occurs when a river carries too much water. 
The result is a change in the conductor dimensions, causing spots of higher resistance 
and eventually failure. If the current density is kept below the metal migration 
threshold current density, J AI , metal migration will not occur. Typically, for aluminum, 
which is what metal 1 and metaI2 are made of, the current threshold for migration J Al is 
1 2 — 

Example 3.5 

Estimate the maximum current a piece of metal 1 3 |um wide can carry. Also 
estimate the maximum current a bonding pad can receive from a bonding wire. 

Assuming that J AL = 1 the maximum current on a 3 \im wide aluminum 
conductor is given by 

Imax = JAl'W= 10- 3 -3 = 3mA 

The maximum current through a bonding pad is then 100 mA. ■ 





